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Abstract: In social insects, social behavior may be changed in a way that preventing 12 
the spread of pathogens. We infected workers of the ant Solenopsis invicta with an 13 
entomopathogenic fungus Metarhizium anisopliae and then videotaped and/or 14 
measured worker feeding and trophallactic behavior. Results showed that fungal 15 
infected S. invicta enhanced their preference for bitter alkaloid chemical quinine on 3 16 
days after inoculation, which might be self-medication of S. invicta by ingesting more 17 
alkaloid substances in response to pathogenic infection. Furthermore, infected ants 18 
devoted more time to trophallactic behavior with their nestmates on 3 days post 19 
inoculation, in return receiving more food. Increased interactions between exposed 20 
ants and their naive nestmates suggest the existence of social immunity in S. invicta. 21 
Overall, our study indicates that S. invicta may use behavioral defenses such as 22 
self-medication and social immunity in response to a M. anisopliae infection.   23 
Keywords: Entomopathogenic fungi, red imported fire ant, social behavior, 24 
immunity. 25 
 26 
1. Introduction 27 
The evolutionary success of ants has been attributed to their complex social 28 
behavior (Hölldobler, 1990; Lach et al., 2010). As ants live in close proximity to one 29 
another and are genetically closely related they are susceptible to parasites and 30 
pathogens, which may jeopardize the survival of the entire colony (Schmid-Hempel, 31 
1998). In response ants have evolved specific behavioral and physiological strategies 32 
to cope with the increased risk of contracting an infection (Oi and Pereira, 1993; 33 
Cremer et al., 2007; Bos et al., 2012b). Some ants are able to remove fungi and spores 34 
from their bodies and other nestmates through self and mutual grooming (Okuno et al., 35 
2011). Some ants use chemical defense mechanisms, as exemplified by alkaloids in 36 
the venom of fire ants, which decrease conidial germination of entomopathogenic 37 
fungi Beauveria bassiana, Metarhizium anisopliae and Isaria fumosorosea 38 
(Paecilomyces fumosoroseus) (Storey et al., 1991). Metapleural gland secretions can 39 
also inhibit M. anisopliae growth and germination (Poulsen et al., 2002). These 40 
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behavioral and physiological defenses undoubtedly have a significant impact on 41 
fungal infection in ant colonies. Additionally, parasites and pathogens regularly 42 
compete for nutrition with their hosts, resulting in energetic stress to the host (Mayack 43 
and Naug, 2009). Such energetic stress could reduce the ability of the host to ward off 44 
other pathogens. Continued energetic stress may alsot increase the level of hunger in 45 
the host, which would exert changes in host feeding behavior to compensate for the 46 
energetic stress (de Souza et al., 2008; Povey et al., 2014). Moreover, several 47 
parasitized insects also feed more antimicrobial compounds such as plant secondary 48 
metabolites as a defensive mechanism called self-medication (Shurkin, 2014). 49 
Therefore, we used the fire ant Solenopsis invicta as a model species because it is a 50 
well-established model system for studying ant behavior (Qiu et al., 2015). Like any 51 
other social insects, S. invicta colonies, with their rich store of food as well as suitable 52 
humidity and temperature, suffer attack from numerous pathogens and parasites 53 
(Siebeneicher et al., 1992). Given the fact that pathogenic infection cause behavioral 54 
alterations in other invertebrates as mentioned above, we hypothesized that S. invicta, 55 
being a dietary generalist, may change their feeding behavior after infection to 56 
defense against pathogens. 57 
Sociality is based on a trade-off between costs and benefits. For example, social 58 
insect exchange their food with their nestmates by trophallaxis (mutual feeding), 59 
which might favor the transmission of pathogens in colonies (Jouvenaz, 1986). 60 
However, there was evidence that social insect increase their resistance against 61 
pathogens by trophallaxis, through which antimicrobial droplet in regurgitation was 62 
spread from fungal exposed individual to naive nest-mates, resulting in social 63 
immunity (Hamilton et al., 2011). Trophallaxis behavior result in social immunity in a 64 
colony is considered to be an important defensive line as it may increase the 65 
resistance of individuals and suppress the survival of pathogen. There were some 66 
studies suggested that the trophallactic behavior of ants would change after infection. 67 
For example, Bos et al. (2012) reported that M. anisopliae infected ant Camponotus 68 
aethiops spent significantly less time performing trophallaxis than their uninfected 69 
counterparts. However, in ant Camponotus fellah, immune challenged workers did not 70 
decrease the level of interactions with their nestmates but devoted more time to 71 
trophallaxis (de Souza et al., 2008). Due to the fact that no literature was focused on 72 
trophallactic behavior alteration in S. invicta induced by fungal infection, we tested 73 
the impact of fungal infection on trophallaxis in S. invicta in this study. 74 
To throw more light on these questions, we investigated the feeding and 75 
trophallaxis of S. invicta following infection with a natural pathogen, M. anisopliae. 76 
M. anisopliae has also widely been used in experiments to study disease resistance in 77 
leaf-cutting ants Acromyrmex echinatior (Hughes et al., 2002), inducing of antifungal 78 
grooming behavior in Formica selysi as well as its role in activating social 79 
immunization in unicolonial ant species Lasius neglectus (Reber et al., 2011; Konrad 80 
et al., 2012). First,the fungal strain we used was identified with comparing the 81 
sequence of internal transcribed spacer (ITS). Second, we test whether fungal 82 
infection would induce S. invicta to ingest more alkaloid quinine. Quinine was 83 
selected because it is a bitter chemical widely distributed in nature and was often 84 
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selected for studies on behavior of ants and other invertebrates (Dupuy et al., 2006; 85 
El-Keredy et al., 2012; Liscia and Solari, 2000). Finally, the trophallactic behavior 86 
between infected workers and their nestmates was videotaped, and the amount of food 87 
exchanged between them was also measured. To our knowledge, this is the first study 88 
focused on the impact of fungal infection on feeding and trophallaxis behavior of S. 89 
invicta.  90 
 91 
2. Methods 92 
2.1. Ants: origin and rearing  93 
Three polygyne colonies of S. invicta were collected from the campus of South 94 
China Agricultural University (SCAU) in Guangzhou City, South China (PRC). They 95 
were reared in plastic boxes (50 cm × 40 cm × 15 cm) and kept at 25 ± 1 °C and 85 ± 96 
1% relative humidity (RH), with a constant photoperiod of 12 h d-1. Colonies were fed 97 
Tenebrio molitor larvae (purchased from the farmers’ market) and 25% sucrose water 98 
every other day ad libitum. Medium-sized worker ants (medias) were selected for the 99 
experiments to eliminate the influence of body size on behavior. All ants were 100 
anesthetized with CO2 and then filtered with two different screens, one with a mesh 101 
size of 14 units and the other with a mesh size of 18 units (Shanghai Zhenchun 102 
Powder Equipment Co., Ltd., China), in which majors were retained on the size 18 103 
mesh sieve and the rest were minors which dropped to the size 18 mesh sieve; the 104 
latter two were discarded. Only medias retained on the 14 mesh sieve were kept for 105 
experiments; the mean ± standard error of the medias’ head width was 1.15 ± 0.1 mm 106 
(N = 10), which was measured under a microscope (Zeiss, Jena, Germany) fitted with 107 
a graticule. 108 
 109 
2.2. Identification of Metarhizium strain and preparation of conidial suspension 110 
Phylogenetic studies of ITS sequence of our Metarhizium isolate proved it to 111 
belong to M. anisopliae (Fig S1). M. anisopliae was cultured in Petri dishes (9 cm 112 
diam.) containing potato dextrose agar medium (PDA, 200 g·L-1 potato, 20 g·L-1 113 
dextrose and 20 g·L-1 agar). M. anisopliae was incubated in a constant temperature 114 
incubator at 25 ± 2 °C and 75 ± 5 RH for 10days. The conidia were then brushed from 115 
PDA medium and suspended in a 0.01% aqueous solution of Tween-80. The 116 
concentration of the solution was measured using a haemocytometer (Hughes et al., 117 
2002). Conidial preparations were adjusted to 5×106 conidia·mL-1 for the following 118 
experiments. 119 
 120 
2.3. Treatments  121 
Treated ants (media workers) were submerged in 5×106 conidia·mL-1 conidial 122 
suspension for 10 s. We chose this concentration because the medial lethal 123 
concentration (LC50) of M. anisopliae against S. invicta workers on the fifth day post 124 
inoculation was 5×106 conidia·mL-1. Small percentages (about 10%) of fungus 125 
exposed workers begin to die about three days post inoculation (unpublished 126 
preliminary data). Ants were then removed from the solution and allowed to walk 127 
freely on filter papers for 10 min to remove surface liquid before being placed back in 128 
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the foraging arena of their sub-colony. Control ants were submerged in 0.01% 129 
Tween-80 solution. 130 
 131 
2.4. Effect of infection status on feeding preference for quinine 132 
2.4.1. Find suitable assay duration 133 
To find a suitable duration of the assay for testing the avoidance of a bitter 134 
substance by workers, we modified the methods described by El-Keredy et al. (2012) 135 
to incorporate different time points. Briefly, the day before experiments, a line was 136 
drawn on the back of each Petri dish (60 mm diam.) with a black marker pen, dividing 137 
it into two equal halves. One side of each dish was filled with only 1% agarose 138 
(henceforward called PURE; electrophoresis grade; Roth, Karlsruhe, Germany) while 139 
the other side was filled with 1% agarose treated with 5 mM of quinine hemisulfate 140 
(henceforward called QUI; purity: 98%, Powder; CAS: 6119-70-6, Sigma-Aldrich). 141 
This concentration of QUI was selected because it can repel invertebrates (El-Keredy 142 
et al., 2012). PURE were placed on both sides of the dish, serving as the control. 143 
About 20-40 workers were introduced in the middle of each dish. The number of 144 
workers on either side of the dish was recorded and the voidance index (VIs) was 145 
calculated from the following equation (El-Keredy et al., 2012): 146 
VIs= (NQUI-NPURE)/(NQUI+NPURE),  147 
where N represents the number of workers on the respective side of the dish. Thus, 148 
positive values of PREF indicate workers prefer QUI and negative values represent 149 
aversion to QUI. Scores were calculated at 1, 2, 4, 8 min after the workers were 150 
introduced into the dish. There were 4 dishes established for each time point. 151 
 152 
2.4.2. Quinine voidance among various concentrations 153 
To test whether the concentration of QUI influences choice, the method 154 
described above was used: one Petri dish with PURE agarose on both sides was set up 155 
as the control condition (N = four replications for each of the three colonies), and four 156 
Petri dishes with one side PURE and the other side with QUI treatment. A series of 157 
QUI concentrations were set up: 0 mM, 0.05 mM, 0.5 mM and 5 mM. The above 158 
equation was used to calculate the voidance values for workers. 159 
 160 
2.4.3. QUI preference after inoculation 161 
The QUI preference of S. invicta infected by M. anisopliae was tested by food 162 
intake of 1% agarose mixed with 5 mM QUI and 2 mg·ml-1 of brilliant blue. Each day 163 
post inoculation (dpi), two infected and two control workers were placed in a box and 164 
allowed to feed on agarose food for 24 h for each dpi, for a total of 4 dpi. Each 165 
treatment was repeated 12 times (N = four replications for each of the three colonies). 166 
Thereafter, two infected and two uninfected ants in each box were homogenized and 167 
centrifuged separately. The absorbance (Abs) of each supernatant was measured using 168 
a UV-Vis spectrophotometer (UV-1800, Shimadzu) set at a wavelength of 630 nm. 169 
The amount of QUI intake was reflected by QUI consumption calculated according to 170 
the absorption values by comparing with the concentration/absorbance using the 171 
standard curve of food blue (Fig. S2). The QUI preference indexes (PIs) of infected 172 
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ants was calculated by the following equation (El-Keredy et al., 2012): 173 
PIs= (AINF-ACON)/(AINF+ACON), 174 
where AINF and ACON represent the absorbance of infected workers and control 175 
workers, respectively. Thus, positive values of PI indicate that infected workers have a 176 
high preference for QUI and negative values represent aversion to QUI. 177 
 178 
2.5. Effect of infection status on trophallactic behavior 179 
This experiment was performed in round (3 cm diam.) glass dishes (N = 24, 12 180 
for fungal treated ants and 12 for controls, details as below). Workers (N = eight 181 
workers in each of the three colonies) were marked with water-based white paint on 182 
their abdomens, from which four workers of each colony were treated with a conidial 183 
solution of M. anisopliae and the rest (N = four workers in each of the three colonies) 184 
with 0.01% Tween-80 solution as the control. Each fungus exposed or control paint 185 
marked ants was introduced into a glass dish and accompanied with a nestmate. The 186 
companying nestmates were selected as potential donors while paint marked ants 187 
were selected as potential receivers. Before the trial, potential receivers were starved 188 
for 24 h while potential donors were fed liquid food composed of 25% sucrose and 2 189 
mg·mL-1 brilliant blue. Then a potential receiver and three potential donors were 190 
placed in each dish. We had previously observed that in the initial 15 min, all the ants 191 
move around haphazardly in the dish (personal observation). Therefore, the 192 
trophallactic behavior between donors and receivers was videotaped only for 15 min 193 
after treated ants were placed into glass dishes. The videotaping began at 24 h post 194 
inoculation and lasted for 15 min for each dish on each day until 4 dpi. 15 min was 195 
sufficient time to observe trophallactic behavior. Videotaping was between 9 and 12 196 
pm each day.  197 
 198 
2.6. Effect of infection status on amount of food exchanged by trophallaxis  199 
The amount of food exchanged by trophallaxis was investigated. Potential 200 
donors (10 healthy nestmates) and four potential receivers (two controls and two 201 
infected workers) were placed in each box (50 × 40 × 15 cm). We repeated it 12 times 202 
(N = four replications for each of the three colonies). Before each experiment, 203 
potential receivers were starved for 24 h, and potential donors were fed with liquid 204 
food composed of 25% sucrose and 2 mg·mL-1 brilliant blue. Potential donors and 205 
receivers were then introduced into a new box as described above and allowed to 206 
interact for 24 h. At the end of each trial the ants were transferred into a -80 °C 207 
ultra-low temperature freezer to kill them quickly. The marked infected ants and 208 
controls were homogenized separately and centrifuged, and the absorbance of each 209 
supernatant was measured as mentioned in the food consumption experiment. The 210 
amount of food that was transferred from the donor to the receiver was estimated 211 
according to the absorbance of the supernatant of homogenized receiver ants by 212 
comparing with the concentration/absorbance standard curve of blue food. 213 
 214 
2.7. Statistical analyses  215 
All data were analyzed with SPSS 13.0. The data were tested for normality using 216 
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the Shapiro–Wilk test. QUI tolerance among various concentration were analyzed 217 
with general linear model (GLM) univariate one-way in which QUI concentration was 218 
regarded as a fixed explanatory variable and the colony was regarded as a random 219 
factor. The preference indexes of infected ants to 5 mM QUI on different days were 220 
compared with GLM repeated-measurements ANOVA (analysis of variance), in which 221 
colony was as a between-subject factor. Mauchly's sphericity test was used to validate 222 
the repeated measures ANOVA. When the repeated measurements data did not fit the 223 
sphericity assumption, we used the F-ratio value of Greenhouse-Geisser to adjust the 224 
degrees of freedom for the averaged tests of significance. The trophallactic behavior 225 
and amounts of food exchanged by trophallaxis were analyzed with GLM univariate, 226 
in which time post inoculation and fungus treatment were fixed explanatory variables 227 
and the colony was regarded as a random factor. When interaction between fixed 228 
factors occurred, each factor was tested separately with one-way ANOVA or 229 
independent t-test in fixed level of the counterpart factors.  230 
 231 
3. Results 232 
3.1. Effect of infection status on feeding preference for quinine.  233 
3.1.1. Find suitable assay duration 234 
We videotaped the choice of S. invicta between 5 mM QUI and PURE from 1min 235 
to 8 min to confirm at which time point ants made a choice (Fig. S3). We found that at 236 
8 min, 5 mM QUI had an obvious avoidance effect on S. invicta (F3, 12 = 3.369, P = 237 
0.05). Thus, we chose 8 min as the observation time point for subsequent 238 
experiments. 239 
 240 
3.1.2. Quinine voidance among various concentrations 241 
The avoidance behavior of S. invicta was significantly related to QUI 242 
concentration (F3, 12 = 5.846, P = 0.011, sample sizes N = 235, 191, 200, 131; Fig. 1). 243 
The effect of colony on QUI avoidance was not significant (F2, 4.89 = 5.577, P = 0.06; 244 
Fig. 1). When the Petri dish contained PURE on both sides, ants were distributed 245 
almost equally (Fig. 1; controls: Mann-Whitney U-test: P = 0.886). For the low 246 
concentrations (0.05 and 0.5 mM), ants showed no avoidance of QUI (Fig. 1; 0.05 247 
mM: P = 0.557; 0.5 mM: P = 0.443). Notably, when assayed for the highest 248 
concentration, the ants avoided QUI (Fig. 1; 5mM: P = 0.029). 249 
 250 
3.1.3. QUI preference after inoculation 251 
Results of Mauchly’s test showed that the QUI preference data did not fit the 252 
sphericity assumption of a repeated-measures ANOVA (λ = 0.272, χ2 = 12.669, P = 253 
0.027, G-Ge = 0.538, H-fe = 0.617; Fig. 2). So the corrected Greenhouse-Geisser 254 
model was used. QUI preference did not differ among colonies (F2, 21 = 0.106, P = 255 
0.9). We found a significant effect of time on QUI preference of fungus-infected ants 256 
(repeated measured ANOVA: F1.61, 17.75 = 27.249, P < 0.001; Fig. 2). Preference 257 
indexes (PIs) were not different during the initial 2 dpi (-0.1161 ± 0.075 and 0.0066 ± 258 
0.047, respectively). However, from 3 dpi onwards, the PIs increased significantly, 259 
reaching 0.3541 ± 0.057 and 0.3628 ± 0.0318 on 3 and 4 dpi, respectively (Fig. 2). 260 
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 261 
3.2. Effect of infection status on trophallactic behavior  262 
We found no significant impact of colony on trophallactic behavior (GLM: F2, 263 
1.551 = 0.861, P = 0.56, Fig. 3). There was a significant effect of treatment on the 264 
trophallactic behavior of ants (GLM: F1, 88 = 4.791, P = 0.031, Fig. 3). The inoculation 265 
time also had a significant influence on trophallaxis (GLM: F3, 88 = 2.958, P = 0.037). 266 
However, there was no interaction effect of treatment and time on trophallaxis (GLM: 267 
F3, 88 = 1.499, P = 0.22). No significant changes in frequencies of trophallaxis over 268 
time were observed in control ants (ANOVA: F3, 44 = 0.41, P = 0.747). However, the 269 
frequency changed significantly due to fungal inoculation (ANOVA: F3, 44 = 3.309, P 270 
= 0.029). Specifically, fungus-exposed S. invicta performed/received significantly 271 
more trophallactic behavior at 3 dpi compared to controls (t-test, P =0.03). But on 1, 2 272 
and 4 dpi there were no significant differences in trophallactic behavior between 273 
fungus-exposed ants and control ants (P > 0.05). 274 
  275 
3.3. Effect of infection status on amount of food exchanged by trophallaxis  276 
No significant impact of colony on amount of food exchanged by trophallaxis 277 
was found (F2, 1.64 = 0.686, P = 0.067; Fig. 4). There was an interaction effect between 278 
treatment and inoculation time on amount of food exchanged (F3, 78 = 2.906, P = 0.04; 279 
Fig. 4). The amount of food received by fungus-exposed ants increased significantly 280 
over time (ANOVA: F3, 44 = 3.827, P = 0.016; Fig. 4), but the amount of food that 281 
control ants received did not change over time (ANOVA: F3, 44 = 0.331, P = 0.803; Fig. 282 
4). Fungus-exposed S. invicta received significantly more food on 3 dpi compared to 283 
controls (t-test, P = 0.005). However, on 1, 2 and 4 dpi there were no significant 284 
differences in the received food amounts between fungus-exposed ants and controls 285 
(P > 0.05; Fig. 4). 286 
 287 
4. Discussion 288 
The main aim of this study was to better understand the pathogenesis of M. 289 
anisopliae to S. invicta and investigate whether and how treatment with M. anisopliae 290 
affects feeding preference for QUI and trophallactic behavior in the ant S. invicta. Our 291 
experimental results support the initial hypothesis that the feeding preference for QUI 292 
and trophallactic behavior of S. invicta were altered due to M. anisopliae infection.  293 
Omnivorous ants tend to avoid unfamiliar food or bitter substances such as 294 
quinine (Josens et al., 2009; Dupuy et al., 2006). However, in our study, we found that 295 
from 3 dpi, infected ants became more preference for bitter quinine. There are four 296 
potential explanations for this increased preference. The first is that the propagating 297 
pathogen needs a lot of nutrition extracted from its host (Mayack and Naug, 2009). 298 
Second, the pathogens elicit an immune response in the host that has a high demand 299 
for energy to synthesis antimicrobial peptides (de Souza et al., 2008); therefore the 300 
infected ants had to take in enough energy despite the bitter quinine in the food to 301 
achieve an energy balance and to survive. Third, fungus infection may have impaired 302 
the physiological ability of ants to detect bitter quinine. For example, in honeybees 303 
Apis mellifera, workers challenged by a non–pathogenic immunogenic elicitor 304 
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lipopolysaccharide (LPS) have reduced abilities to associate an odour with sugar 305 
reward in a classical conditioning paradigm, indicating a link between immune system 306 
and the nervous system in insects (Mallon et al., 2003). The fourth and most plausible 307 
explanation is that infected ant feeding more quinine as a behavioral defense 308 
mechanism of self-medication, by which to inhibit the M. anisopliae infection. 309 
Self-medication is generally defined as an individual responding to infection by 310 
ingesting or harvesting non-nutritive compounds or plant materials for purposes of 311 
medication other than energetic demands (Abbott, 2014). Quinine is a natural product 312 
of alkaloid, and most alkaloids have antibacterial, antibiotic-enhancing, antivirulence 313 
and antifungal activities (Cushnie et al., 2014; Morton, 1977). The phenomenon of 314 
using alkaloid as well as other chemicals for self-medication has been reported in 315 
several insects. For example, caterpillars Grammia incorrupta parasitized by tachinid 316 
flies are more likely than unparasitized caterpillars to specifically ingest large 317 
amounts of pyrrolizidine alkaloids as self-medication (Smilanich et al., 2011); 318 
Drosophila melanogaster increase alcohol consumption to reduce the chance of 319 
parasitizing by Leptopilina boulardi (Milan et al., 2012); infected ant and honey bees 320 
use resin to defense themselves against pathogens (Simone-Finstrom and Spivak, 321 
2012; Brütsch and Chapuisat, 2014; Gherman et al., 2014); bumble bees Bombus 322 
impatiens infected with Crithidia bombi tended to ingest alkaloid-rich nectar to 323 
reduce infection (Manson et al., 2010; Richardson et al., 2015). However, we could 324 
not exclude the possibility that S. invicta may use another bitter alkaloid which tasted 325 
like quinine as self-medication material.  326 
Trophallaxis may favor the transmission of pathogens in a colony of fire ants 327 
(Tschinkel, 2006). However, in our study, the frequency of S. invicta workers 328 
performing trophallaxis with their nestmates did not decrease due to infection status. 329 
The trophallactic level of infected ants was maintained at the same level as controls at 330 
1, 2 and 4 dpi, but showed a significant increase at 3 dpi. Similarly, de Souza et al. 331 
(2008) found that immune-challenged ants (Camponotus fellah) devoted more time 332 
performing trophallaxis. In our study, the possible explanation for increased 333 
interactions between healthy and infected ants might be explained as social immunity 334 
processes. There are evidences that healthy ants and termites increase the interaction 335 
rate with infected nestmates in order to immunize themselves (vaccination) or to 336 
dilute the infection in the infected ants (Traniello et al., 2002; Konrad et al., 2012; 337 
Pontieri et al., 2014). Furthermore, some studies provide evidence that immunized 338 
workers of the carpenter ant (C. pennsylvanicus) demonstrated increased trophallactic 339 
behavior and increased antimicrobial activity of the regurgitated droplet, resulting in 340 
improved survival of ants that received droplets relative to controls following an 341 
immune challenge (Hamilton et al., 2011). Thus, detecting antimicrobial peptides in 342 
the trophallactic fluid and test the level of social immunity of S. invicta would provide 343 
a more precise answer to the increased trophallactic behavior of fungus-infected ants.  344 
Infected ants received significantly more food than uninfected ants from their 345 
nestmates on 3 dpi, but at the initial and latter periods of inoculation, the amount of 346 
food received via trophallaxis was not different between fungus-exposed ants and 347 
controls. A possible explanation is that an increased level of hunger of inoculated ants 348 
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resulted in the infected ant beg for more energy from their nestmates. This is 349 
consistent with other study suggesting that utilization of glycogen and lipid reserves 350 
by mycelia growth may be responsible for the alteration of appetite (Zacharuk, 1971). 351 
Similarly, in Apis mellifera, Nosema ceranae-infected honeybees are more likely to 352 
beg for food and avoid sharing food that they have obtained (Naug and Gibbs, 2009). 353 
Therefore, studies to determine the effect of hunger on the food transmission 354 
dynamics within a social ant colony are needed. However, the amount of food 355 
received via trophallaxis of infected ants on 4 dpi was decrease compared to 3 dpi. A 356 
possible explanation is that the functional tissues and organs were damaged by M. 357 
anisopliae on 4 dpi, which resulted in the decreased ability of infected ants to beg for 358 
more food. 359 
In conclusion, our work reveals that M. anisopliae infected S. invicta change 360 
their trophallactic behavior and feeding preference for quinine as behavioral defenses 361 
seems to be social immunity and self-medication. It remains an open question how 362 
these behavioral changes would influence the co-evolution and fitness between 363 
pathogens and social insects in the field. 364 
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 484 
Fig. 1 Quinine avoidance ± SEM of S. invicta in to range of quinine 485 
concentrations. Avoidance either between both sides of a Petri dish contain 486 
PURE (controls) or between a PURE- and a QUI-filled side of a split Petri dish, 487 
in a range of concentrations of QUI from 0.05mM up to 5 mM. Sample sizes: N 488 
= 235, 191, 200, and 131 from left to right. Bars with different lowercase letters 489 
indicate that the preference of S. invicta differ significantly among different 490 
quinine concentrations, P < 0.05 (n = 4, GLM ANOVA).  491 
Fig. 2 Preference indexes (PIs) ± SEM of fungus-exposed S. invicta to 5mM QUI. 492 
Ants are allowed to feed on QUI added agarose post inoculation. Negative values 493 
indicate feeding suppression of ants by QUI. Bars with different lowercase letters 494 
represent that the TIs of S. invicta differ significantly among different days post 495 
inoculation, P < 0.05 (n = 12, GLM repeated measures ANOVA). 496 
Fig. 3 Trophallactic bouts (mean ± SEM) of healthy nestmates toward 497 
fungus-exposed ants or controls at different days post inoculation. Bars 498 
capped with asterisks represent significant difference between fungus-exposed 499 
ants and control ants for each day at P < 0. 05 (n = 12, GLM ANOVA). 500 
Fig. 4 Amounts of food (mean ± SEM) fungus-exposed ants received from their 501 
nestmates at different days post inoculation. Bars with asterisks represent 502 
significantly different between the control and the treatment on the same day, P < 503 
0.05 (n = 12, GLM ANOVA).504 
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Highlights: 535 
1. The rDNA sequenced of the strain we used was well aligned together with Metarhizium anisopliae 536 
var. anisopliae. 537 
2. Fungal infection resulted in an enhanced preference of S. invicta to quinine, a bitter alkaloid 538 
substance. 539 
3. Fungal infected ants performed more trophallaxis with their nestmates and received more food 540 
through trophallaxis. 541 
 542 
 543 
